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Abstract 
Despite the fast evolution of lasers in recent years, one of the main drawbacks for the implementation of surface 
laser treatment processes in industry is the previous experimentation necessary to get optimum process parameters. 
In order to reduce the necessary experimentation, the work presented focuses on the development of a numerical 
model for two different laser sources, including metallurgical transformations during the heating process. The 
model was experimentally validated for DIN 1.2379 tool steel, alloy typically used in die and mold making 
industry. Surface temperature obtained by pyrometry and the thermal field obtained from a metallographic study 
were compared with model data obtaining a good agreement.  
 
PACS: 42.60.Pk; 81.65.-b; 24.10.Pa 
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1. Introduction 
An alternative to reduce the initial phase of experimental tryouts in manufacturing processes that involve large 
number of variables is the use of numeric models to determine the optimal parameter values. On the other hand, 
laser surface treatment processes such as laser polishing or laser hardening, need a very accurate process parameter 
calculation for optimum results. The laser polishing process has been applied succesfully for more than a decade to 
improving surface roughness of non-metal parts such as optical glasses or silicon wafers [1]. The process is based on 
controlled fusion of a microscopic material layer so that the melted material is able to fill the irregularities of the 
topography giving as result a smoother surface [2]. There are some studies focused on application of laser polishing 
process on metal surfaces, both at macroscopic and microscopic level [3]. Studies show reductions in roughness of 
about 85% from initial values, with final values below 1 micron Ra [4]. However, this is a complex process 
involving a large number of variables and the correct setting of parameters is critical to reach a satisfactory result, so 
the development of a specific model is a key tool for its possible industrial implementation. 
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Traditionally, laser processes are modelled following two types of models, line source models, for high 
penetration processes, and point source models, for low penetration processes [5]. In the modeling of surface 
processes, such as laser texturing, laser hardening and polishing processes, besides using a low penetration 
modelling, the heat conduction equation is normally solved by the finite central differences method [6]. This is an 
easy to program method that provides good results in the thermal field calculation due to the continuity of the 
temperature distribution along the workpiece. 
The analysis of processes where a laser beam is used as a heating source, first need proper modeling of thermal 
field. One of the main characteristics of surface processing using laser technology is the highly focused energy 
radiation. Although the overall energy radiated during the process is usually quite low, must be considered that 
energy is concentrated in small area. This fact gives as result a high thermal gradient and causes an extremely rapid 
heat transfer by conduction within the material [7]. Thus, in models where the energy source is a laser beam, the 
heat transfer by convection and radiation can be neglected when compared to conduction heat transfer, as long as the 
material's thermal conductivity use to be high enough [8].  
In the literature there are few models focused on laser polishing process, being the most relevant the work 
developed by Shao [9]. This model is oriented to polishing of parts manufactured by SLS and makes some 
simplifications. First, assumes that there is no convection, which is a classical simplification in the modeling of such 
processes. And secondly, this model presents a semi-empirical relationship between roughness and the estimated 
temperature, but this model does not predict the temperature field or the thickness of melted material. 
This work presents a study of the main parameters in laser polishing process and focuses on the development of a 
thermal model based on the thermal conductivity differential equation to optimize the process variable tuning. Thus, 
thermal field solution as well as necessary algorithms to model the radiation from CO2 and High Power Diode laser, 
have been developed. The model has been programmed on basis of central finite difference method in a 3D mesh 
and the effect of solid state phase changes were included. 
Thus, throughout next sections will establish the fundamental principles that govern the laser polishing 
process and the influence of the parameters on the final result obtained and deepen the approach and the expressions 
used for modeling the process. Finally, the validation results are presented. 
2. Laser polishing fundamentals 
The laser polishing process is based on controlled melting of a micro-layer of material. One of the most important 
parameters in laser processes is the energy radiated by surface area, which is determined by the energy density (ED) 
parameter. In laser polishing, thickness of the melted material depends directly on the energy density. If the laser 
operates in continuous mode (CW), the energy density is obtained by the following expression (Eq.1). 
 
  (1) 
 
Where P is the power in [W], D is the diameter of the beam in [mm] and Vf is the feed rate in [mm/min], 
obtaining the energy density, DE in [J/cm2]. To determine the relationship between the energy density and the 
roughness reduction, a number of previous tests were carried out. The tests were performed with a ROFIN DL031Q 
laser using a lens with spot size of 1.2mm x 2mm. The tests consisted on a series of individual polishing tracks with 
variable energy densities, from 390 J/cm2 to 2031 J/cm2 with increments of 78 J/cm2. The tested range corresponds 
to the extreme, from a situation of just heating, below the melting temperature, to a excessive material melting. 
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The material used was the DIN1.2379 tool steel, typically used in the die and mold manufacturing. The tests were 
carried out on 70x70x70mm3 test parts hardened up to 62HRC and milled with a 16mm diameter ball-end mill tool 
with a radial step of 1.5mm. Fig. 1 shows a tested part and the roughness reduction evolution for linear increment of 
applied energy density. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Left) Tested part. Right) Roughness reduction rates for different energy densities 
To measure the surface quality three parameters were measured with a Taylor Hobson S2 series profilometer, the 
mean roughness (Ra), the roughness depth (Rz) and the peak height (Rt). As shown in Fig. 1, all of the roughness 
parameters show similar evolution, being the roughness reduction rate, the percentage reduction from initial 
roughness values of 5.23ȝm Ra, 24.93ȝm Rz and 25.63ȝm Rt. The roughness reduction becomes higher as the 
applied energy density is increased up to a maximum reduction, above this point for higher energy density values 
the roughness reduction obtained decreases. This phenomenon is associated with the existence of two different 
process regimens described in the literature and known as SSM (Shallow Surface Melting) and SOM (Surface Over 
Melt) [2]. The first one, SSM, is associated with a melted layer thickness below the topography peak-valley distance 
and the second one, SOM, is associated with a melted layer thickness larger than the peak-valley distance. In SOM 
the size of the material melt pool generates a final wavy surface. The minimum roughness values (0.86ȝm Ra, 
4.69ȝm Rz and 7.68ȝm Rt) are obtained for the transition between the two regimes as shown in Fig.1. 
Thus, theoretically minimum roughness is obtained when the melted layer is ranging the peak-valley distance in 
the topography. In this case, the surface polished was obtained by a regular end-ball mill and is easy to deduce 
geometrically that the theoretical peak- valley height is about 35ȝm. In Fig.2 the metallography test for the 
maximum roughness reduction specimen shows that the melted layer thickness in this case is about 85ȝm instead of 
35ȝm. Although this is a distance greater than the theoretical peak-valley distance, it can be considered within the 
limits of the transition from SSM to SOM. Therefore, it is possible to establish a connection between the melted 
layer thickness of material and the maximum roughness reduction, which depends on the peak-valley distance of the 
initial topography. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Left) Tested part and different metallography structure zones. Right) Hardenss evolution in each zone 
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Therefore, it has been demonstrated that the optimum results of laser polishing operation depends on the melted 
material thickness. Thus, the development of a specific numerical model will be a definitive tool to determine the 
thermal field, predict the melted material thickness, and to obtain the optimum process parameters corresponding to 
the transition regime between SSM and SOM. 
3. Thermal field modeling 
Depending on the laser process modelled the heat source can be considered as a linear energy source or a point 
energy source. In low penetration processes, such as laser polishing, the laser source can be considered as a point 
source. Within the spot the energy density distribution depends on the laser type used. CO2 laser energy density 
presents Gaussian distribution while high power diode laser presents Top-Hat distribution. 
The effect of the laser on the surface can be estimated through an energy balance for each element, where 
difference between the incoming energy and outgoing energy plus the energy generated in the element must equal 
the heat stored, as expressed in Fig.3. 
 
 
 
 
 
 
 
 
Fig. 3. Energy balance with point heta source 
A classic simplification to model laser material processes is to neglect the heat transfer by convection. This 
hypothesis is valid since the conduction heat transfer rate is very high with a short cooling time of the processed 
area. So, the heat transfer by convection and radiation can be neglected. On the other hand, other effects such as 
beam reflection and shielding, and effects by plasma formation are included in A correction factor. This gives as a 
result the following expression (Eq.2). 
 
  (2) 
 
Where a is the thermal diffusivity [m2/seg], so that a=Ȝ/ȡCp, ș is the temperature in [K], qv the source in [W/m3], 
ȡ is the density [Kg/m3], cp is the specific heat [J/KgK], t time in [s] and A the global looses factor. 
The boundary conditions necessary for the differential equation solving are on one hand, the initial 
temperature condition same as ambient temperature (Eq.3) and on the other hand, the boundary condition of heat 
flow in each element (Eq.4). 
  (3) 
  (4) 
 
Solving the equation by the central finite differences method leads to an expression that provides the temperature 
field in each instant for a node depending on the node temperature itself and the temperature of adjacent nodes in the 
instant before (Eq.5). 
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Where, r1, r2 and r3 must take values under 0.5 to ensure method convergence. The qv term represents the energy 
generated. In laser processing this is associated to the energy radiated by the laser on the surface. Depending on the 
laser type, the energy distribution within the spot is different, whereas a CO2 laser energy distribution within the 
spot can be considered Gaussian, for a high power diode laser the energy distribution is Top Hat. 
For Gaussian energy distribution spot, the intensity can be modelled by means of the following expression 
(Eq.6): 
 
  (6) 
 
Where, I represents the intensity [W/m2], P the power [W], x and y are cartesian coordinates, w0 is the beam 
radius [mm] where intensity is I0/e2, dF is the focal distance [mm] and L the wavelength in [nm]. 
The expression to model the Top-Hat energy disytribution of high power diode lasers is (Eq.7): 
 
  (7) 
 
Where a1 and b1 are beam dispersion parameters, A and B the main dimensions of the spot, and erf is the gauss 
error function. 
On the other hand, the effect of conductivity variation with temperature was included in the model as a linear 
variation. Considering a vectorial variable which includes in each element the different values of conductivity at 
different temperatures is possible to include the effect in an easy and reliable way. 
Once the formulation was developed, the model was programmed in Matlab© 7.0. The validation of 
simplifications considered was done by the comparison between the developed model and commercial finite element 
software ANSYS©. The thermal field was simulated on 10x10x10mm3 cubic part heated by 1,000W CO2 laser 
moving with 1200mm/min feed rate. Fig.4 shows the good fit in thermal field and maximum temperature reached. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Thermal field with the model developed in Matlab and commercial software 
However, comparing the surface temperature measured by pyrometry with temperature simulated by the model, 
there is a clear deviation. Fig.5 shows the evolution of maximum temperature on DIN 1.2379 tool steel part when 
the part is heated for 4 seconds by stationary diode laser with a power of 1,000W applied on 10,2mm diameter spot. 
While the simulated temperature curve predicts a continuous heating curve, the temperature curve measured by 
pyrometry shows some deviations from predicted curve. These deviations can be explained by the energy absorption 
due to intermediate solid state phase changes. 
In carbon steel, the main metal solid-state transformation which takes place is the austenitizing. In DIN1.2379 
tool steel, in addition to the austenitizing transformation (which starts near 800ºC) can be noted another 
transformation at low temperature (near 300 °C) which can be explained by the diffusion of Cr in carbon matrix due 
to the high chromium content (11.5%) and its affinity with carbon. 
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Fig. 5. Predicted and measured temperature curves 
The intermediate transformations have been included in the model as stolen heat within the energy balance for 
each element. Thus, the amount of stolen heat in each transformation depends on the transformation enthalpy ¨H 
[J/m3] and the transformed volume fraction ǻf (Eq.8). Where the transformation enthalpy indicates the amount of 
energy needed to carry out the phase change and ǻf indicates the extent of the transformation at a given time and 
temperature 
 
  (8) 
 
Solid state transformations can be classified into two groups, diffusive and non-diffusive transformations. The 
non diffusive transformations are faster compared with diffusive and are no dependent with temperature variation 
rate. Temperature measurements with different heating rates show that the transformations during heating phase are 
heating rate dependent. Thus, in DIN1.2379 tool steel modelling two diffusive transformations were considered, a 
low temperature transformation, and a high temperature transformation, due to the austenitizing. The transformed 
volume fraction for diffusive transformations was modeled by the Johnson-Mehl-Avrami (JMA) [10] expresion, 
modified for non-isothermal conditions (Eq.9). 
 
  (9) 
 
 
This expression represents the transformed volume fraction for a number of subintervals that can be considered 
isothermal. Where n is a constant that depends on the nucleation mechanism and grain growth, K0 is the pre-
exponential factor related to the grain growth rate, Q is the activation energy of transformation, R the universal 
constant for ideal gas, Ti is the temperature at the beginning of step i, ¨t represents the time spent in the interval, and 
time constant Ĳi associates transformed volume fraction in step i-1, with the time that would be material at Ti 
temperature to achieve the same transformation fraction. 
Once calculated the transformed volume fraction, it is possible to calculate the amount of stolen energy at each 
step and thus calculate the temperature accurately. 
4. Experimental validation 
In order to validate the model, a series of surface temperature measurements tests were carried out. The 
temperature was measured by pyrometry. The tests were developed using a 3,100W high power diode laser ROFIN 
DL031Q guided by an optical fiber and an optic head that provides a 10.2 mm diameter focused spot. The part was 
heated in stationary way testing different power and radiation time. The tests were carried out on 70x70x70mm3 
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DIN1.2379 tool steel parts and temperature was measured using a two-colour Impac IGAR-12-LO pyrometer 
registering the maximum temperature reached within radiated area. 
The parameters of the transformations were tuned up using as reference values for C-Mn steel [11]. Once 
adjusted the transformation parameters, a different simulations were carried out with different powers, reaching 
good fit between estimated and measured temperatures for a range of power between 1,000W and 1,600W, as shown 
in Fig6. In Table1 the values of the parameters for the low-temperature transformation and for the high temperature 
transformation are shown. 
Table 1. Parameterrs of low and high temperature transformations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Simulated and measured temperature at different power levels. 
In order to validate the thermal field within the processed part, the metallurgical structure after processing was 
compared with the isotherms predicted by the model at different depths. Thus, the melting temperature isotherm 
(1,450 º C) which is estimated by the model to be at a depth between 50 and 150ȝm, match with the depth of the 
melted layer measured from the metallography structure (Fig.7). On the other hand, the austenitizing temperature 
(800 ºC), which represents the HAZ frontier limit, coincides also with the temperature predicted by the model at a 
 n Q K0 
Low Temp. Transf 0.5 6E3 5E4 
High Temp Transf 1.45 17E3 20E4 
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depth of 350 to 450ȝm. So, there is a good match between the thermal field given by the model and the 
metallography analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Metallography structure and predicted thermal field. 
5. Result discussion and main conclusion 
In this work on laser polishing process, the relation between melted layer thickness and SSM to SOM regime 
transition was presented. Since the highest roughness reduction is obtained for SSM to SOM transition, is possible 
to associate the optimum process parameters with melted material thickness depending on the initial surface 
topography. Although previous studies indicates that the SSM regime is obtained when the melted material 
thickness is equal to or less than the peak-valley distance, in this work, SSM regime was identified when melted 
layer is slightly larger than peak-valley distance. Therefore, estimating the melted material thickness, it would be 
possible to optimize process parameters for laser polishing. 
The model presented here is a useful tool for estimating the thermal field inside the part. To determine the 
optimal conditions of laser processes such as laser polishing, it is necessary to calculate accurately the temperature 
and melted material thickness. The existing thermal models in the literature do not consider the effect of solid-state 
metallurgical transformations due to the heating phase. Throughout this study, the effect of these phase changes on 
the heating of DIN1.2379 tool steel was studied and included in the developed model. This effect must be 
considered into the energy balance in order to predict the thermal field and estimate the melted layer thickness 
accurately. 
The JMA expression was used for the modeling of solid state diffusive transformations. Two solid state 
transformations during heating phase were identified by surface temperature measurement with two colour 
pyrometry, a low temperature and a high temperature transformation. The high temperature transformation 
temperature coincides with AC3 austenitisation temperature the material, while the low-temperature processing can 
be explained by the high content of Cr in DIN1.2379 tool steel and its affinity with carbon. 
The JMA transformations have a number of parameters n, Q, K0 and ¨H that must be adjusted. The first tuning 
was carried out using as reference the values proposed by other authors for other steel alloys. The fine tuning was 
performed testing individually its influence on temperature curve and their influence on the other model parameters. 
After setting the parameters for 1,250W power, further tests were carried out to check the model between 1,000W 
and 1,600W power range. This power range gives enough energy density range to perform laser polishing and get 
maximum roughness reductions. The lack of data in the literature makes impossible obtaining these parameters in 
other way. Finally, the temperature field given by the model presents good correlation with the metallurgical 
structures within the processed part. So, the model can be used to estimate the melted layer thickness and therefore 
obtain the optimum process parameters. 
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